Phylogenies are the commonly used tools for the prediction of ancestry of present day organisms from the past decades. Several methods have been developed to construct phylogenetic trees that predict the history of species by direct linkage of edges. Very few studies have been developed for the phylogenetic networks (which is the generalization of trees). Presently, the methods used to determine phylogenetic networks are based on distance measures or character measures of the sequences of species. It is a very challenging task for computational biologists to find the exact method that can predict the accurate networks of organisms. In this study, a phylogenetic network construction model based on basic graph theory concepts is reported. This model finds the distance matrix of every sequence considered in the study. The two features (positioning and stack interactions) of every DNA sequence and their combined effect have been taken into account to calculate the distances. Results suggested that reticulate events can be observed by using the distances obtained by the proposed method and no such event is predicted by using the distances calculated by the previous method. The important results obtained in the form of distances are 1.637300, 2.000000, 0.932700, 2.331300, 2.829200 and the significance of these values is to represent the different reticulation events among the sequences for different fea- 
Introduction
The evolutionary and ancestry relationships have been investigated among the number of species since several decades in the past. The phylogenetic analysis of DNA or protein sequences is performed by most of the studies to determine the evolutionary history of organisms [1] [2] [3] . Phylogenies are the important tools to predict the evolutionary history and relationships of different organisms. The estimation of divergence of species from a common ancestor can be predicted by various methods [4] [5] [6] . This estimation permits one to construct a phylogenetic tree that represents the history of species according to their ancestry. The most commonly used methods for tree construction are phenetic and cladistic [7, 8] . The former is based on distances and measures the pair-wise distances between organisms to construct the phylogenetic tree. The latter is based on characters and constructs the tree by using the parsimonious methods [8, 9] . Lastly, the tree that optimizes the evolution of species most is considered [1] . However, most of the available methods are unreliable when the base composition of taxa or species varies among the sequences. Various methods work on the computation of distances among the two or more sequences based on their nucleotide composition, binary composition or sequence similarity, etc. These methods generally use the Jukes Cantor (JC) distance, Kimura two parameter (K2P) distance, F84 distance, LogDet distance, etc. to find the phylogeny among the taxas [10] [11] [12] . Qi et al., 2011 reported a graph theory based method for similarity analysis. But no method based on graph theoretic concepts similar to those of Qi et al., 2011 is reported for identification of reticulation events and construction of phylogenetic networks.
In the present study, the authors modify the method developed by Qi et al., 2011 by incorporating two more features of a DNA sequence that are used to find the distance matrix of the sequence based on the graph theory and hence extend it to develop a model for identification of reticulation events and construction of phylogenetic network [13] . Every nucleotide sequence is composed of four base pairs, namely, adenine (A), guanine (G), cytosine (C) and thymine (T). Hence the adjacency matrix of the order 4 × 4 is obtained for both the features of every sequence. After the computation of distance matrices of all the available sequences of the organisms, the Euclidean distance among all the matrices of the same order is calculated to determine the phylogeny [10, 14] .
The phylogenetic tree is obtained by the average clustering or neighbor-joining method [5] and then reticulation events are predicted among the taxas to construct the phylogenetic network and to predict the interactions between the different species. These interactions may be of the Lateral Gene Transfer (LGT), Homoplasy, Hybridization, Genetic Crossover, Recombination type, etc. [14, 15] . As an application, the method is applied over the data set of nine sequences and is validated by comparison with the available phylogenetic network construction method. The basic concepts used in the present study are defined in the subsequent sections.
2.
Basic definitions
Directed graph
A directed graph G consists of a set of vertices
, , ,………… , a set of edges E e e e = { } 
Adjacency matrix
Let G be a directed graph with n vertices and E edges [16] . Then the adjacency matrix M x ij = [ ] of the diagraph G is an n n × matrix whose element
there is an edge directed from th vertex to th ver rtex otherwise . , . = 0 A directed graph and its adjacency matrix is shown in Fig. 1. 
Stack interactions
The role of hydrogen bonding and stack interactions is considered as an important role in biological structures [17] . So, the DNA structure is also maintained by intra-strand base stacking interactions. Henceforth, the stacking interaction and length of sequence play vital roles in the stability of DNA sequence. The average stacking interactions of GC base pairs are two or three times stronger than AT base pairs [18, 19] . In comparison to other interactions (hydrogen bonds and hydrophobic interactions) involved in holding double stranded DNA sequence together, the energies of the stacking interactions in DNA sequence are significantly large [18, 19] . The probability of these interactions is considered in the study to calculate the distances among sequences. 
2.4.

Euclidean distance matrix
A matrix M of order n n × is called a Euclidean distance matrix if it satisfies the following conditions [20] : 
Methodology
The DNA sequences are composed of the four bases adenine, guanine, cytosine and thymine, i.e. A, G, C, T. Let us assume that any sequence of length n having the four characters can be represented as:
To describe the process of getting the distance matrix of a sequence by the concept of adjacency of graph theory, authors will construct the directed weighted graph (DWG) for s s s s n In this work, the two features of the nucleotide sequences have been incorporated in the model; one is based on the position of the nucleotides and the other is based on the stack interactions among the nucleotides of the sequences. In case of second feature, the directed weighted graph of the sequence is constructed by adding to it the content of probability of interactions among nucleotides [14] . The rule used to construct the DWG for the feature of stack interaction is defined as:
Stack Interaction
Probability of interaction among nucleot = i ides Position among them
The three probabilities for the interactions among the nucleotides are considered which are given below:
Probability of conversion from purines (A, G) to pyrimidines (C, T) or vice-versa which is called transversions is 1/2. Probability of conversion from purines to purines or pyrimidines to pyrimidines which is called transitions is 1/3. Probability of conversion into the same nucleotide is 1/6. These probabilities are assumed according to the biological effects of these conversions on the evolution of species and the total probability is considered as 1.
Let us take a sequence of length five as an illustration to construct the directed weighted graph for both the features analyzed in the present study.
Sequence CGATA = Theorem 3.1. There exists one-one mapping between the DNA sequence and its corresponding directed weighted graph with respect to the positioning of nucleotides [13] .
Proof. Let the DNA sequence for which a graph is to be constructed with respect to the position of nucleotides be CGATA. From the graph, one can find the first and the last nucleotides of the sequence by using the lowest weight of the arc in the graph and the direction of the arc signifies which nucleotide comes first in the sequence. Also, the loop in the graph signifies how many times the same nucleotide comes in the sequence. Further, the other positions of the nucleotides can be determined by using the weights of the particular arcs in the graph. Hence, it is easy to find the sequence from the directed weighted graph. Thus there exists one-one correspondence between DNA sequence and directed weighted graph.
The resultant graph
Since there are more than one arc between the same nucleotides in the same direction, to make this graph simple, authors added all the weights of the arcs occurring in the same direction. The mathematical equation for the addition of all these weights is as [13] :
So, based on this rule, the resultant graph is shown in Fig. 3 . It is also observed in this study that there is no one-one correspondence between the given sequence and its weighted graph obtained for the parameter of stack interactions among the nucleotides of the sequence. But the process of construction of graph remains same and here the probabilities of conversion of nucleotides (transversion to transversion or transition to transition or vice versa) are included with the position of the nucleotides in the sequence.
Now from the resultant graph of DNA sequence obtained from the above discussion, one can obtain the 4 × 4 adjacency matrix of the sequence which is represented as below. This matrix will also show the interactions among the different nucleotides of the sequence. The higher the value of the particular entry corresponding to the pair of nucleotides in the matrix, the higher will be the interaction between them and vice-versa. The matrices obtained for the parameter of position of nucleotides of the sequence CGATA and the parameter of stack interactions among them are as below: So, by using these matrices obtained for every sequence considered in the study, one can find the distances among the two sequences by using the appropriate distance metrics.
Euclidean matrix distance metric to calculate dissimilarity
In the above section, a distance matrix for a DNA sequence is derived based on two parameters, i.e. positioning and stack interactions, by using the graph-theoretic method. So, the dissimilarity between two DNA sequences becomes the same as between the matrices formed by them. The smaller the distance between two sequences, the less dissimilar they are and vice-versa. Let us consider two DNA sequences A and B and the two matrices corresponding to them are as M A and M B for different parameters. The distance measurement for the two sequences is based on the Euclidean distance matrices among the sequences and is denoted by d A B , ( ) [20] . In the present work, the two features are considered to calculate the distances among the sequences. is the dissimilarity due to stack interactions among sequences. The comparison between the DNA sequences for their dissimilarity is measured by the distances among them. The distances based on all three features are considered for the detection of the phylogenetic network among the given sequences. 
4.
Implication of proposed method
Data analysis
The data to be analyzed for this study are composed of a set of nine sequences which is provided in the Table 1 .
Based on the above graph-theoretic method, the 4 × 4 matrices for all the sequences of Table 1 are computed manually. Then these matrices were used to calculate the distances among all the sequences by using the above metric. The distance tables obtained for the two parameters of the sequences and the combined result of these parameters are represented in Tables 2-4. After getting these distances, authors were able to calculate the relationships among the DNA sequences based on the above technique.
Results and discussion
The dissimilarity matrices obtained by the proposed method for different features are used to analyze the sequences for their relationships. Various methods can be used to find the distances but these are based on multi-alignment of sequences where the chances of losing information about sequences increase. The proposed study finds the distance matrix of every sequence by which the complete information about the sequences can be availed. Then, the phylogenetic tree is calculated for all the distance measures by using the neighbor-joining method of T-Rex software [6] . After finding the trees, the tree distance forms the basis for the construction of the network. The phylogenetic networks are calculated to predict the relationships among different sequences of organisms. Table 5 shows the phylogenetic network distances for the input set of sequences given in Table 1 , for the positioning feature of the nucleotides in the sequences. The significant results of Table 5 are made bold and have values 1.637300 and 2.000000. These values represent branch lengths among the pairs of sequences corresponding to them and there is also the possibility of reticulation events among these sequences. The sequences corresponding to 1.637300 are sequence I and sequence IV. The sequences corresponding to 2.000000 are sequence VII and sequence IX. Phylogenetic network related to this dissimilarity data of Table 5 is also shown in Fig. 4 in which red dotted branches show the reticulated events among sequences.
In a similar fashion, the dissimilarity network distances for the stack interactions feature of nucleotides in the sequences is given in Table 6 . The significant value for the feature of stack interactions is 0.932700 (in bold) among the sequences VII and IX. Corresponding to these data, the visualization of the network relationships is represented in Fig. 5 . Table 7 shows the reticulated network distances for the combined result of both the features of the nucleotides in the sequences. The values 2.331300 and 2.829200 (in bold) of Table 7 represent the occurrence of reticulation events among the sequences corresponding to them. In response to these distances, the representation of phylogenetic network is shown in Fig. 6 .
Finally, the phylogenetic network distances obtained by the T-Rex package for the input data sequences are shown by Table 8 and Fig. 7 depicts the network for these sequences which is the same as Phylogenetic tree for the input sequences. Now, it is observed that Fig. 4 represents three main clusters and the three reticulation events while Fig. 7 shows no reticulation event with two main clusters and one species as an out-group. This information tells us that positioning feature gives us the close picture of the evolutionary history of the organisms. The events marked by dotted lines in Fig. 4 show that there exist some important relationships among the nonsister species. This information could be useful for prediction of pathogens and antigens based on evolutionary relationships.
In the same way, Fig. 5 depicts some results that are different from Fig. 7 in that one reticulation event and three main clusters occur due to the parameter of stack interactions among the nucleotides. Irrespective of the same number of clusters, the species change their place of interactions with the other species in the main cluster of four species. Likewise, the combined result of both the features (positions and stack interactions of nucleotides) highlighted by Fig. 6 shows three reticulation events among the clusters while Fig. 7 has no such type of events.
At last, authors can comment that the loss of reticulation events in Fig. 7 when data sequences are inputted is due to the alignment of sequences and then converting them into distances. But the proposed graph theory method converts each sequence into the form of matrix distances without aligning them. Hence, the possibility of losing information is decreased and the clear picture for the evolution of species can be predicted.
Conclusion
The proposed method gives better results and better insights about the history of organisms. It also provides the individual information of every sequence in the form of distances and thus saves the time of multi-alignment of the sequences. The results obtained by this study were compared with the existing method of T-Rex Package [6] which shows the loss of reticulation events in network. The results obtained are different for different features of nucleotide sequences. The reticulation events predicted for positioning, stack interactions and combined effect of both of them are three, one and three which are shown in Figs. 4-6. Henceforth, the proposed 
model performed well in determining the reticulation events and gives us better results as well.
